Corynebacterium glutamicum, a gram-positive organism, is well known as a host organism for the industrial production of amino acids such as glutamate and lysine (19) . Due to C. glutamicum's role in amino acid production, the catabolic and anabolic pathways leading to these industrially important amino acids have been studied in detail (for reviews, see references 24, 31, and 32). Although it is necessary to understand the metabolic pathways in detail, information on the regulatory mechanisms at the level of gene expression is very limited.
The glyoxylate bypass system of C. glutamicum is a good candidate for studying the regulation of gene expression because the expression of the isocitrate lyase and malate synthase enzymes that catalyze the bypass (Fig. 1) is quite responsive to the availability of carbon sources (43) . Isocitrate lyase, encoded by aceA, catalyzes the conversion of isocitrate, a tricarboxylic acid cycle intermediate, into glyoxylate and succinate (29) . Malate synthase, encoded by aceB, catalyzes the subsequent condensation of glyoxylate with acetyl-coenzyme A to produce malate, which is a tricarboxylic acid cycle intermediate (21, 30) . The bypass conserves carbon to synthesize cell materials by bypassing the CO 2 -generating steps of the tricarboxylic acid cycle.
The aceA and aceB genes are derepressed when two-carbon compounds such as acetate are provided as a sole carbon source. Glucose, supplied as a carbon source, represses the aceA and aceB genes. Thus, expression of the glyoxylate bypass enzymes is regulated transcriptionally by the available carbon sources (43) , but the mechanism by which this is achieved is not known, although Wendisch et al. suggested the involvement of acetyl-coenzyme A as a signaling molecule (43) . In Escherichia coli, the IclR repressor controls the regulation of the aceBAK operon (6, 38) and hence bypasses expression. The expression of iclR is regulated by FadR, which is known to regulate the expression of genes involved in fatty acid metabolism. Although the structural organization of the aceA and aceB genes in C. glutamicum is different from that in Escherichia coli, they may have common features related to the regulation of gene expression by available carbon sources.
In our previous study, we constructed a reporter plasmid to isolate genes exerting regulatory effects on the aceB promoter of C. glutamicum (18) . As reported here, a gene, glxR, was found in one of the isolated clones. In this report, we performed a functional analysis of the glxR gene and showed its involvement in regulating the expression of aceB.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All strains, plasmids, and primers used in this study are listed in Table 1 . E. coli DH5␣FЈ was used for the construction and propagation of plasmids. E. coli JM105 was used to express GlxR from pKK-glxR. The operon fusion oP aceB -lacZYA constructed in plasmid pRS415 was transferred to the chromosome of E. coli strains with lambda phage RS415 as described by Simons et al. (36) . Unless otherwise stated, E. coli and C. glutamicum cells were cultured at 37°C in Luria broth (LB) (34) and at 30°C in MB (12) , respectively. Minimal media for E. coli and C. glutamicum were M9 (34) and MCGC (42), respectively. Glucose and acetate as carbon sources were added to the minimal medium at 1% and 2%, respectively. Antibiotics were added at the following concentrations: ampicillin, 50 g/ml; tetracycline, 20 g/ml; and kanamycin, 20 g/ml. 5-Bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) and cyclic AMP (cAMP) were added to the media at concentrations of 40 g/ml and 8 mM, respectively. For protein expression, isopropylthiogalactopyranoside (IPTG) was added to a final concentration of 1 or 0.3 mM.
DNA technology. Standard molecular cloning, transformation, and electrophoresis procedures were used (34) . Plasmids were introduced into C. glutamicum cells by electroporation (12) . Miniplasmid preparation for C. glutamicum cells was performed as described previously (44) . Chromosomal DNA from C. glutamicum AS019E12 was prepared as described previously (40) . Restriction enzymes and DNA-modifying enzymes were purchased from Takara Shuzo Co. (Shiga, Japan) and New England Biolabs (Beverly, Mass.) and used as recommended by the manufacturer.
Cloning and sequencing. Plasmids pSL329-1 and pSL329-5 were constructed by ligating the 5.1-kb EcoRI-XbaI and 1.8-kb KpnI fragments of pSL329 into the pMT1 vector digested with SmaI plus XbaI and with KpnI, respectively. Plasmid pSL08-glxR was constructed by inserting the 1.8-kb KpnI-BamHI fragment of pSL329-5 into pSL08 which had been digested with XbaI and then blunt-ended with the Klenow fragment of DNA polymerase I. The direction of transcription of the cloned glxR gene was opposite that of the aceB gene. Plasmid pKK-glxR was constructed by amplifying the 828-bp fragment of pSL329-5 with primers C1 and C2 (Table 1) , followed by insertion of the resulting fragment into the EcoRI site of pKK223-3. The 828-bp fragment carries glxR and its ribosome-binding site. Plasmid pMAL-glxR was constructed as follows. The glxR coding region was amplified with primers D1 and D2 ( For nucleotide sequence analysis of glxR, pSL329-5 was used as the template. The complete nucleotide sequence of glxR was determined at the Korea Research Center for Basic Sciences (Taejon, Korea) with universal and synthetic oligonucleotide primers. A search for similar nucleotide and amino acid sequences was performed at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLAST/) with the Basic Local Alignment Search Tool (BLAST) (1, 2) . Pairwise sequence alignments were performed at the ExPASy Proteomics Tools website (http://www.expasy.ch/tools/) with the ClustalW alignment method (39) .
Purification of GlxR. Plasmid pMAL-glxR was designed to express GlxR. The vector carries glxR fused to malE and expresses the maltose-binding protein (MBP)-GlxR fusion protein. The fusion protein was expressed and purified as suggested by the manufacturer (New England Biolabs). Cleavage of the fusion protein with factor Xa releases a free GlxR protein with a string of amino acids (Ile-Ser-Val-Phe) attached to the N terminus. GlxR was separated from MBP by Q-Sepharose Fast Flow column chromatography (Amersham Pharmacia Biotech; 2.8 by 11 cm) with a linear gradient of 25 to 500 mM NaCl. Fractions containing GlxR were pooled, and the protein was concentrated by dialysis against polyethylene glycol 8000.
Gel mobility shift assay. The probe DNA was prepared as follows. The 200-bp DNA fragment which includes an upstream region of the aceB gene (from 120 to 320 bp upstream from the ATG start codon) was amplified with primers E1 and E2 (Table 1 ) and subsequently labeled with [␥-32 P]dATP and T4 polynucleotide kinase; 10 l of the binding reaction mixture contained the labeled DNA fragments, various amounts of purified GlxR, 10 mM phosphate buffer, 137 mM NaCl, 2.7 mM KCl, 3 g of bovine serum albumin, and 1 g of poly(dIdC) ⅐ poly(dI-dC). GlxR binding to the probe DNA was performed at room temperature for 15 min, and the mixture was analyzed on 6% native polyacrylamide gels as described before (34) . When necessary, 0.2 mM cAMP was included in the binding buffer, gels, and running buffer.
Biochemical analysis and preparation of antibody. Corynebacterial cell extracts were prepared as described previously (16) . The enzymatic activities of ␤-galactosidase (25), malate synthase (8, 15) , isocitrate lyase (8, 15) , isocitrate dehydrogenase (13) , and acetate kinase (41) were determined as described previously. Protein concentration was measured by the method of Bradford, with bovine serum albumin as the standard (4). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis were performed as described previously (20) . The anti-GlxR antiserum was prepared commercially at Koma Biotech (Seoul, Korea) with a rat as the host.
Measurements of cAMP and glucose. For measurement of the intracellular cAMP concentration, cells were prepared as described previously (35) . The cAMP concentration was measured with the Biotrak cAMP enzyme immunoassay system (Amersham Pharmacia Biotech; RPN 225). Glucose was measured with a glucose assay kit (Sigma Chemical Co. St. Louis, Mo.).
Nucleotide sequence accession number. The nucleotide sequence of glxR was deposited in GenBank under accession number AF293334.
RESULTS
Isolation of the glxR gene. Plasmid pSL329 (Fig. 2) , which carries a 7.8-kb insert, repressed expression of aceB-lacZYA (18) . The DNA region responsible for modulating ␤-galactosidase activity was narrowed down to 1.8 kb by patching the cells harboring each subclone on LB plates containing X-Gal (Fig. 2) . In accordance with the color test data, E. coli DH5␣FЈ-145 cells carrying plasmid pSL329 or pSL329-5 showed only 10% of the ␤-galactosidase activity of the parental strain (data not shown). The data suggest that a gene (glxR, see below) in the cloned DNA expresses proteins which may bind to the aceB gene promoter region, interfering with the expression of lacZYA.
Sequence analysis of the glxR gene. The complete nucleotide sequence of the clone was determined with pSL329-5 as the sequencing template. An open reading frame (ORF) composed of 684 bp was found at the central region of the clone (Fig. 2) . Based on similarity to other proteins (see below), GTG was chosen as the start codon. A potential ribosomebinding site, AGGA, was found 9 bp upstream from the GTG. The GC content of the ORF was 59%, which is typical of C. glutamicum genes. Codon preference was very similar to that of previously reported corynebacterial genes and, interestingly, also indicated that the ORF could encode a protein expressed at a low level (10) . The putative gene product of 227 amino acids had a predicted mass of 24,957 Da and a predicted isoelectric point of 7.0. In the protein database, the translated amino acid sequence of the ORF was used to search for similar and matching amino acid sequences. Among the known proteins in the database, the putative transcriptional regulatory proteins of Mycobacterium tuberculosis (E70790) and Streptomyces coelicolor (T36556) showed high identity scores of 78 and 53%, respectively. Among the proteins with known roles, cAMP receptor proteins (CRP) of Vibrio cholerae (NP232242), Salmonella enterica serovar Typhimurium (A26049), and E. coli (J01598) showed the highest identity score, approximately 27%.
Close analysis of the amino acid sequence revealed the presence of two conserved motifs that may be involved in the protein's regulatory activity (Fig. 3) . Amino acid residues 13 to 102 showed a conserved motif which is supposed to be a cAMP-binding domain, having 31% identity with the consensus sequence for cyclic nucleotide monophosphate-binding domains. In addition, a helix-turn-helix DNA binding motif of the CRP/FNR (fumarate-nitrate reduction regulator) family was identified at the carboxy-terminal region (amino acid residues 170 to 218) of the encoded protein. The region showed 41% identity with the helix-turn-helix motif of CRP. Based on the characteristics of the cloned gene discussed below, we designated the corynebacterial gene glxR (glyoxylate bypass regulator).
Involvement of cAMP. Since a cAMP-binding motif was found in the nucleotide sequence of glxR, cAMP's involvement in modulating GlxR activity was examined. For the experiment, the P aceB -lacZYA fusion was introduced by phage-mediated transduction into the chromosome of an E. coli cya mutant strain. In the strain, the aceB-repressing activity decreased markedly with the introduction of a glxR clone, but the addition of 10 mM cAMP to the growth medium retrieved the repressible activity, indicating that GlxR needs cAMP for its repressible activity at the aceB promoter ( (Table 3) . To examine the relationship between cAMP and GlxR, the intracellular cAMP concentration was measured in glucoseand acetate-grown C. glutamicum cells (Fig. 4) . Unlike the case in E. coli, the intracellular concentration of cAMP was high (22 nmol/mg of protein) in the early exponential phase in glucosegrown C. glutamicum cells but decreased and was 11 nmol/mg of protein in the early stationary phase, indicating that the intracellular cAMP concentration in C. glutamicum cells appears to decrease as glucose is consumed. In acetate-grown cells, however, the initial cAMP concentration was considerably lower (5 nmol/mg of protein) in the early exponential phase and remained low throughout the growth phase. a Cells were grown on LB medium, and cell extracts were prepared as described in Materials and Methods. P aceB -lacZYA was introduced into the chromosome as described in Materials and Methods. cAMP was added to a final concentration of 10 mM. Expression of glxR in C. glutamicum. Next, after introducing plasmid pSL329-5, which is a glxR clone, into C. glutamicum AS019E12, its effects were monitored by measuring the activities of isocitrate lyase and malate synthase, which are glyoxylate bypass enzymes; acetate kinase, which converts acetylphosphate from acetate into acetyl-coenzyme A; and isocitrate dehydrogenase, which is a tricarboxylic acid cycle enzyme (Fig.  1) . In glucose medium, only basal-level expression of the glyoxylate bypass enzymes was observed, and the activities were affected very little by the presence of the glxR clone ( Table 4 ). The specific activity of isocitrate dehydrogenase increased significantly in C. glutamicum cells harboring plasmid pSL329-5 compared to the parental cells. In acetate medium, however, the specific activities of malate synthase and isocitrate lyase decreased significantly (92 to 93%) in C. glutamicum cells harboring plasmid pSL329-5 from the value in the parental cells (Table 4 ). Lowered malate synthase activity caused by the introduced glxR gene was due to decreased expression of malate synthase protein, as judged by SDS-PAGE (Fig. 5 ). For the experiment in Fig. 5 , the glxR gene was inserted into the vector that carries and overexpresses the aceB gene (pSL08), and the resulting plasmid (pSL08-glxR) was introduced into C. glutamicum for PAGE analysis of the expressed proteins. Under growth with either glucose or acetate as the carbon source, the amount of GlxR protein expressed in C. glutamicum cells was unaffected, as evidenced by Western blot analysis (data not shown).
Expression and purification of GlxR. Introducing the glxR coding region including the ribosome-binding site into vector pKK223-3 and transforming the resulting vector into E. coli resulted in the expression of a 25,000-Da protein, as shown by SDS-PAGE (Fig. 6A) . The observed molecular mass agreed with the predicted size of the protein. The GlxR protein was purified by MBP affinity column chromatography. As expected, the purified protein showed a mass of 25,000 Da on SDS-PAGE (Fig. 6B) . The native molecular mass of the purified protein was 44,000 Da, as judged by gel filtration column chromatography (data not shown). The data suggest that the proteins are likely to form functional dimers, like most DNAbinding proteins.
DNA-binding activity of GlxR. Identifying GlxR's involvement in controlling the expression of aceB and a helix-turnhelix DNA binding motif of the CRP/FNR family in the carboxy-terminal region (amino acid residues 170 to 218) of the encoded protein, we determined the ability of purified GlxR to bind to the promoter region of the aceB gene. A DNA frag- a The enzymes were induced by growth of C. glutamicum AS019E12 cells to the stationary phase on MCGC minimal medium. Cells were harvested, disrupted, and assayed as described in Materials and Methods. Values are means Ϯ standard deviations.
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C. GLUTAMICUM glxR GENE 3457 ment carrying the promoter region of aceB was used as a probe (Fig. 7A ). In the absence (Fig. 7B ) and presence ( Fig. 7C ) of cAMP, increasing amounts of purified GlxR protein were incubated with the probe DNA, and two shifted bands resulted when cAMP was present (Fig. 7C) . It is uncertain whether the two bands are the result of GlxR protein oligomerization or if two binding sites with different affinities for the proteins exist in the probe DNA. Although an excess amount of purified GlxR protein was added to the assay mixture, a complete shift was not observed. The results indicate that some proteins might lose their activity or be degraded (Fig. 6B, lane 8) . However, the finding that a band shift was observed only in the presence of cAMP may rule out the possibility that the band shift was caused by nonspecific interactions between the DNA and protein.
Replacing cAMP with acetyl-coenzyme A, which has been suggested to be a modulator for the glyoxylate bypass enzymes (43), did not result in any DNA shifts with the probe (data not shown).
DISCUSSION
In this study, we found that GlxR proteins are involved in the regulation of the aceB gene, which in turn is concerned with the utilization of acetate as a carbon source. The evidence is as follows: the gene products of glxR clones modulate ␤-galactosidase activity in a reporter plasmid carrying lacZYA fused to the aceB promoter of C. glutamicum, multicopies of glxR lead to decreased activities in glyoxylate bypass enzymes, the GlxR protein contains a putative DNA-binding domain, and the protein has the ability to bind to the aceB promoter region. Like other DNA-binding proteins, the findings that the proteins are present as dimers and have a relatively basic isoelectric point also support a regulatory role for the protein. Although our data suggest that the glxR gene might be involved primarily in regulating gene expression in the glyoxylate bypass, such as aceA and aceB, we cannot rule out the possibility that the gene is also involved in the expression of other genes.
The growth retardation by glxR in multicopies in glucose or acetate minimal medium suggests that the GlxR protein may interact with other promoters (data not shown), although it could also be due to nonspecific binding of the GlxR protein to DNA. The fact that we were unable to construct a glxR mutant strain with the cloned DNA despite numerous attempts (data not shown) indicates that the gene is essential and that the glxR gene is involved in the regulation of other genes or functions as an activator of other genes, like CRP in E. coli. CRP plays a role in carbon catabolite repression, which is governed by cAMP in enteric bacteria such as E. coli (11) . It is interesting that GlxR in C. glutamicum and CRP in E. coli have several common aspects: they have about 27% identity in amino acid sequence, they have a cAMP-binding motif, cAMP modulates their regulatory activities, and the glxR gene complements the E. coli crp mutation. Despite these similarities, however, GlxR appears to be distinct from CRP in E. coli. Our failure to construct a glxR mutant strain may also suggest different roles.
cAMP is an important signaling molecule controlling the expression of many other genes. The involvement of cAMP in many bacteria has been reported, such as enteric bacteria, Bacillus spp., and Streptomyces spp. (3) . In E. coli, the molecule plays important roles in regulating carbon catabolite genes, such as the lactose and arabinose operons (11) . Under conditions of glucose starvation, the intracellular concentration of cAMP becomes elevated, a general phenomenon found in many bacteria with the exception of Brevibacterium species, which apparently keeps the concentration of cAMP high when cells are grown on glucose minimal medium (22, 27) . Similarly, in C. glutamicum, the intracellular concentration of cAMP is kept low when cells are grown on acetate medium but high when they are grown on glucose medium, as evidenced in our growth experiment (Fig. 4) . Addition of cAMP to the medium did not seem to affect the growth of C. glutamicum cells, whereas cAMP enhanced the effects of growth retardation found in C. glutamicum cells harboring multicopies of glxR clones in both glucose and acetate medium, but especially in acetate medium (data not shown). In enteric bacteria, the addition of cAMP induces the growth retardation of cells when the intracellular cAMP concentration is low, as in high-glucose medium (9) . Although this contrasts with the established activities in E. coli, other researchers reported that cAMP is present at its highest levels during periods of rapid growth rather than in glucose-limited conditions in Streptomyces spp. and thus signals the availability rather than the lack of carbon sources (9, 14, 28) . This also appears to be true for C. glutamicum, as shown in this study.
Although we isolated the glxR gene by its role in regulating the aceB gene, the activities of isocitrate lyase and malate synthase, which are involved in the glyoxylate bypass and active in acetate medium, decreased quite a lot in C. glutamicum cells harboring multiple copies of glxR. Since growth on acetate medium probably requires no repressors for the aceA and aceB genes, repression of the genes by the introduced glxR clone is as yet unexplained. As generally found with some transcriptional regulators, this effect appears to be caused by the glxR gene's multicopy effects. Under these conditions, the overexpressed GlxR proteins may scavenge intracellular cAMP and subsequently bind to the promoter region for repression of the aceA and aceB genes. However, we cannot rule out the possibility that growth retardation on acetate medium by the glxR gene may have been caused by other regulatory effects displayed by the gene.
Although the cAMP-independent mechanisms of catabolite repression have been studied in detail in low-GC gram-positive bacteria, such as Bacillus spp., there is a dearth of information on high-GC gram-positive bacteria, such as Corynebacterium species (for reviews, see references 3, 5, 26, 33, and 37). Therefore, this study is the first to present evidence describing cAMP's involvement in the expression of genes for carbon utilization, although the physiological apparatus determining the intracellular cAMP concentration has not been clarified yet.
